Staple motifs in the form of -RS(AuSR) x -(x = 1, 2, 3, etc.) are the most common structural feature at the interface of the thiolate-protected gold nanoclusters, Au n (SR) m . However, the recently solved structure of Au 92 (SR) 44 , in which the facets of the Au 84 core are protected mainly by the bridging thiolates, challenges the staple hypothesis. Herein, we explore the surface sensitivity of the thiolate-gold interface from first principles density functional theory. We find that the interfacial structures of thiolates on gold are surface sensitive: while a staple motif (such as -RS-Au-SR-) is preferred on Au(111), a bridging motif (-RS-) is preferred on Au(100) and Au(110). We show that this surface sensitivity is closely related to the coordination number of the surface Au atom on the different surfaces. We further confirm the preference of the bridging motif for self-assembled monolayers of two different ligands (methylthiolate and 4-tert-butylbenzenethiolate) on Au(100). With this surface sensitivity, we categorize the structure-known Au n (SR) m clusters into three groups: (1) no bridging; (2) ambiguous bridging; (3) distinct bridging. We further employ the surface sensitivity of the thiolate-Au interface to predict the protecting motifs of face-centered cubic (fcc) gold nanoparticles of different shapes. Our study provides a unifying view of the Au n (SR) m structures with guidelines for structure predictions for larger Au n (SR) m clusters of a fcc core. † Electronic supplementary information (ESI) available. See
Introduction
Thiolate-protected gold nanoclusters with the formula Au n (SR) m have received considerable attention over the past decade owing to their unique structures and physicochemical properties that are not seen in larger gold nanoparticles or bulk gold. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Their potential applications range from catalysis to bioimaging and protein labeling. [11] [12] [13] [14] [15] [16] To date, total structures of about 20 such clusters ranging from Au 18 (SC 6 H 11 ) 14 to Au 133 (SPh-p-t Bu) 52 have been successfully solved via singlecrystal X-ray crystallography. The structural determinations of these clusters provide profound insights into the thiolate-gold interface and bonding, which are key to the formation and stability of the thiolate-protected gold nanoclusters. Among these clusters, Au 102 (SPh-p-COOH) 44 was the first one to be crystallized and characterized; the 44 thiolate groups of the cluster form 19 RS-Au-SR motifs and 2 RS-Au-SR-Au-SR motifs on the cluster surface, which were termed the staple motif. 35 Similar RS-Au-SR motifs were also found in self-assembled monolayers (SAMs) on Au(111) with both experimental and theoretical studies. [39] [40] [41] These reports highlight the importance of the staple motifs at the thiolate-gold interface; it was hence hypothesized that the staple motifs are preferred at the thiolate-gold interface than the isolated or bridging thiolate (-RS-) group. Computationally, the preference of the staple motif over the bridging thiolate was demonstrated on Au(111) and small gold nanoclusters such as Au 38 . 42 The staple hypothesis has been successfully applied to predict structures for Au n (SR) m clusters of known compositions and confirmed in subsequently reported structures. For example, Akola et al. proposed a structure model for Au 25 (SR) 18 − , 43 in which an icosahedral Au 13 -core is protected by 6 dimeric staple motifs, which was confirmed independently by two experimental research groups. 22 24 to possess a face-fused bi-icosahedral Au 23 core protected by six dimeric and three monomeric staple motifs, 44, 45 which was again confirmed in the experimental crystal structure. 31 As the dominance of the staple motif began to take root in our thinking of the thiolate-gold interface, the line between the staple motif and the bridging thiolate has become blurred in some reported structures, including Au 36 (SPh-p-t Bu) 24 , 28 Au 28 (SPh-p-t Bu) 20 , 24 and [Au 23 (S-c-C 6 H 11 ) 16 ] − . 19 For example, the structure of Au 36 (SPh-p-t Bu) 24 can be viewed to have an fcc Au 28 kernel protected by 4 dimeric staple motifs on 4 Au(111) facets and 12 bridging motifs on 6 Au(100) facets, or alternatively, as a Au 20 kernel protected by 4 "regular" dimeric staple motifs and additional 4 "distorted" dimeric staple motifs. 30, 46 Likewise, this ambiguity is also manifested in [Au 23 (S-c-C 6 H 11 ) 16 ] − and Au 28 (SPh-p-t Bu) 20 . 47 Due to this duality in viewing the gold-thiolate interface, the staple hypothesis has been challenged but survived.
The recently solved structure of Au 92 (SPh-p-t Bu) 44 , 34 however, challenges the staple hypothesis to the fullest extent and demands a rethinking of the thiolate-gold interface, because here, there is no ambiguity. Au 92 (SPh-p-t Bu) 44 has a highly regular fcc Au 84 kernel with 16-gold-atom (001) facets and 12-gold-atom (100) and (010) facets, which are distinctly and clearly covered by the bridging thiolates. 34 This new structure raises the key question about the surface sensitivity of the thiolate-gold interface. Previously, the preference of the staple motif was demonstrated only for the Au(111) surface. It is therefore of great importance to examine the energetic stability of the staple vs. bridging mode at the gold-thiolate interface for other surfaces such as (100) and (110). In addition, the structure of Au 92 (SPh-p-t Bu) 44 now gives more weight to the view of the bridging thiolate for structures where ambiguity existed.
To understand the bridging motifs at the interface of the thiolate-protected gold nanoclusters in particular and to provide guidelines for future structure predictions in general, herein, we study the surface sensitivity of the thiolate-gold interface with three low-Miller-index surfaces of gold including Au(111), Au(100), and Au(110) from first-principles density functional theory (DFT). We then explain the energetic trend found. Next, we leverage the surface sensitivity to categorize the existing clusters into three groups: (1) no bridging, (2) ambiguous bridging, and (3) distinct bridging. Furthermore, we employ the surface sensitivity to predict the protecting motifs of fcc gold nanoparticles (smaller than 3 nm) with different shapes.
Results and discussion
Bridging and staple motifs on Au(111), Au(100), and Au(110)
To examine the surface sensitivity of the thiolate-gold interface, we use methylthiolate (MT) as an example. We tested all the possible adsorption sites on the three surfaces: top, bridge, fcc, and hcp sites on Au(111); top, bridge, and hollow sites on Au(100); top, long bridge, short bridge, 3-fold hollow, and 4-fold hollow sites on Au(110). By comparing the binding energies (see Tables S1-S3 of the ESI † for details of the comparison), we found that the bridge sites are the most stable adsorption sites for MT on all the three surfaces ( Fig. 1) , where each MT binds to two neighboring surface gold atoms. This mode is also found at the Au-thiolate-Au interfaces of molecular nanowires. 48, 49 We next examine the staple motif (CH 3 S-Au adatom -SCH 3 ) on the Au surfaces. Fig. 2 shows the optimized structure of the most stable form of the staple motif on Au(111). 39 Fig. 3 shows three types of staple motifs on Au(100) of comparable energy: the most stable structure ( Fig. 3a) has the Au adatom at the bridge site and the staple motif lays diagonally across two neighboring Au squares; the second type ( Fig. 3b ) has the Au adatom at the hollow site and the staple motif lays diagonally across one Au square; the third type ( Fig. 3c ) has the Au adatom at the top site and the staple motif lays on top of the long edge of two neighboring Au squares. On Au(110), we explored five types of staple motifs (Fig. 4 ). The first three ( Fig. 4a -c) are close in energy. In the most stable structure (Fig. 4a) , the Au adatom is at the top site and the staple motif lies on top of two neighboring short Au-Au edges. In the second type ( Fig. 4b) , the Au adatom is at the hollow site and the staple motif lies diagonally cross the Au rectangle. In the third type ( Fig. 4c ), the Au adatom is at the long-bridge site and the staple motif lies diagonally across two neighboring Au rectangles sharing the long edge. Fig. 5 shows the comparison of the binding energies per thiolate for the most stable modes of the bridging and staple motifs on the three Au surfaces. One can see that although a staple motif is preferred on Au(111), a bridging motif is preferred on Au(100) and Au(110). Clearly, the binding mode of the thiolate on Au is surface sensitive. From Au(111) to Au(100) to Au(110), the thiolate group binding is stronger with Au for both the staple motif and the bridging motif, but apparently the increase is more dramatic for the bridging motif, especially from Au(111) to Au(100). This is the key reason for the surface sensitivity of the binding motif.
To understand the increasing binding energies for the bridging motif, Table 1 lists the Au-S distance and the partial charge on the Au that binds to S, together with the Au-Au coordination number of the different surfaces. One can see that the increasing binding energies from (111) to (100) to (110) correlate well with the shortening Au-S distance and the increasing charge transfer from S to Au. This trend can be well explained by the coordination numbers of the surface Au atoms, which decreases from 9 to 8 to 7 for Au(111), Au(100), and Au(110), respectively. Low-coordinate Au atoms are more reactive and therefore have stronger interactions with the thiolate group; more so for the bridging thiolate than for the thiolate in the staple motif.
To further confirm the binding mode of the thiolate on Au(100), we studied SAMs on Au(100) with bridging and staple motifs. As shown in Fig. 6 , the sulfur overlayer has a coverage of 50%, and the overall patterning symmetry is c(2 × 2). For the bridging motif, one thiolate covers two Au atoms at the bridging site (Fig. 6a) , while for the staple motif, with the Au adatom at the bridge site, two thiolates cover diagonally across two neighboring Au squares (Fig. 6b ). In this case, we find that the binding energies per thiolate of the bridging and staple motifs are −2.35 eV and −1.89 eV, respectively. Clearly, SAMs on Au(100) with the bridging motif are more stable than the staple motif. In addition, we replaced the MT with the experimental ligand 4-tert-butylbenzenethiolate (TBBT), and considered the van der Waals (vdW) interactions between the ligands. The same trend was found. With a coverage of 25%, the binding energy per TBBT of the bridging motif is −3.01 eV, which is 0.48 eV lower than the staple motif (−2.53 eV). All these observations indicate that the bridging motif rather than the staple motif is preferred on Au(100). Of course, the types of thiolate ligands are more than just MT and TBBT. Because the energetic difference between the bridging and staple motifs is small as shown in Fig. 5 for Au(100), one can expect that the substituent effects (such as electron-drawing with fluorinated thiols, water-soluble ones with glutathione, etc.) may affect the interfacial ligand bonding. We hope to further explore them in the future.
Categorizing thiolate-protected gold nanoclusters
The surface sensitivity of the gold-thiolate interface as shown in Fig. 5 can now explain the existence of the bridging motifs in some Au n (SR) m clusters. Given this insight, it is necessary to view the existing Au n (SR) m clusters from the geometry and facet of their cores. Our analysis of the surface sensitivity is based on the fcc geometry, while many Au n (SR) m clusters have different core geometries. So we will first categorize all the existing thiolate-protected gold nanoclusters according to their interfacial motifs and then correlate them to the core geometry. We found that all the reported Au n (SR) m clusters can be summarized into three groups based on their protecting motifs ( Table 2) : (1) no bridging, i.e., having staple motifs only; (2) ambiguous bridging, i.e., having bridging motifs that are of the ambiguous type only, in addition to staple motifs;
(3) distinct bridging, i.e., having distinct bridging motifs, in addition to staple motifs and ambiguous bridging (if any). Table 2 shows that Au n (SR) m clusters with non-fcc cores, including icosahedral (Ic), marks decahedral (M-Dh), and hexagonal close packing (hcp), have staple motifs only and no bridging thiolates at the interface. A common structural feature of these cores is the dominance of the Au 3 triangles on fcc-based Au 20 4 Au 2 (SR) 3 + 8 SR 24 Au 36 (SR) 24 fcc-based Au 28 4 Au 2 (SR) 3 + 12 SR 28 Au 40 (SR) 24 fcc-based Au 34 6 Au(SR) 2 + 12 SR 33,50 Au 44 (SR) 28 fcc-based Au 36 4 Au 2 (SR) 3 + 16 SR 51 Au 52 (SR) 32 fcc-based Au 44 4 Au 2 (SR) 3 the core surface. Similar to Au(111), these triangles prefer the staple motif. This may be why only staple motifs exist at the interface of these clusters with non-fcc cores. Fig. 7a shows the typical structure of "no bridging": Au 38 (SR) 24 . 31 As one can see, the core surface only exhibits Au 3 triangles, and it is simply protected by the staple motifs. Table 2 also shows that the clusters belonging to either the ambiguous or distinct bridging type have fcc kernels. This can be due to the fact that fcc-based kernels tend to expose (100) facets which further confirms the surface sensitivity that we found for the surfaces of bulk fcc Au as shown in Fig. 5 . Especially for the magic series Au 28 (SR) 20 , Au 36 (SR) 24 , Au 44 (SR) 28 and Au 52 (SR) 32 reported by Jin group, they have 8, 12, 16, and 20 Au 4 {100} squares, respectively, in addition to four {111} facets. Significantly, the surface-protecting modes of these clusters obey the same rules: each {111} facet is protected by one dimeric staple motif, and each {100} square is protected by one bridging motif. 51 Similarly for Au 23 (SR) 16 − and Au 40 (SR) 24 , all the bridging motifs appear over the squares. These structures are called ambiguous bridging structures because the bridging thiolates can be viewed alternatively as part of the staple motifs with a different core geometry. Fig. 7b shows the typical structure of "ambiguous bridging": Au 36 (SR) 24 . 28 The ambiguous bridging thiolates are colored with blue. As one can see, these 12 ambiguous bridging motifs can be viewed alternatively as 4 dimeric staple motifs. But our finding of the surface sensitivity supports the view from the bridging thiolate: the core takes a compact fcc geometry, instead of a less ordered and hard-to-describe core as in the view from the staple motif. We think that the bridging-motif view and the staple-motif view in the case of "ambiguous bridging" are like the two sides of a coin; together, they offer a more complete view of the gold-thiolate interface. Previous analysis of the Bader charges on the gold atoms between the bridging thiolates of Au 28 (SR) 20 suggested that they resemble the gold atoms in the staple motifs more than the core gold atoms. 25, 47 In the case of Au 92 (SR) 44 , distinct bridging thiolates are observed on the planar (100) facets because these bridging thiolates (yellow in Fig. 7c ) cannot be viewed as part of the staple motifs. One can also see ambiguous bridging thiolates (blue in Fig. 7c ) at the edges of the tetragonal Au 92 (SR) 44 . 34 Although Au 92 (SR) 44 is the only member of the "distinct bridging" type, we think that there will be more structures in this category to be discovered. Below, we present predictions of possible structures of this type.
Implications for structure predictions based on the surface sensitivity
Based on the facet sensitivity, we can predict the protecting motifs of fcc gold nanoparticles smaller than 3 nm. "Geometrically ideal" shapes of fcc nanoparticles include cube (terminated completely by {100} surfaces), truncated cube, cuboctahedron, truncated octahedron, and octahedron (terminated completely by {111} surfaces). Here we choose five fcc gold nanoparticles with different shapes, namely, cubic Au 108 , truncated cubic Au 171 , cuboctahedral Au 147 , truncated octahedral Au 140 , and octahedral Au 146 , 52 and predict their protecting motifs with the facet sensitivity. As shown in Fig. 8 , we predict that cores such as cubic Au 108 , truncated cubic Au 171 , and cuboctahedral Au 147 cores will have distinct bridging motifs on their surfaces.
The surface sensitivity we found also has an important implication for a recently proposed structure of Au 144 (SR) 60 . From their pair-distribution function (PDF) experiment and analysis, Ackerson et al. found that the Au 144 (SR) 60 cluster can exist in two different polymorphs; they proposed a decahedral Au 114 core ( Fig. 9 ) that is different from the popular model of the icosahedral Au 114 core. 53, 54 The proposed Au 114 core of Au 144 (SR) 60 exhibit five (111) facets at the top and another five at the bottom, as well as five (100) facets on the waist. Our finding of the facet sensitivity of the thiolate-gold interface suggests that the planar (100) facets should be protected by the bridging motifs instead of the staple motifs. Therefore, structure prediction of the new Au 144 (SR) 60 polymorph based on the decahedral Au 114 core needs to take into account both the bridging thiolates in addition to the staple motifs.
Conclusions
To shed light on the bridging motifs at the interface of the thiolate-protected gold nanoclusters, we have studied the facet or surface sensitivity of the thiolate-gold interface with three low-Miller-index surfaces of gold, including Au(111), Au(100), and Au(110) with DFT. We found that the interfacial structures of thiolates on gold are surface sensitive: while a staple motif (-RS-Au-SR-) is preferred on Au(111), a bridging motif (-RS-) is preferred on Au(100) and Au(110). The Au(100) surface's preference for the bridging motif is due to the low coordination number of its surface gold atoms and further confirmed for self-assembled monolayers of thiolates on it. The surface sensitivity allowed us to categorize the structure-known Au n (SR) m clusters into three groups: (1) no bridging; (2) ambiguous bridging; (3) distinct bridging. It further enabled us to predict the protecting motifs of face-centered cubic (fcc) gold nanoparticles (smaller than 3 nm) of different shapes.
Computational methods
Periodic DFT calculations were performed by using the Vienna ab initio simulation package (VASP). 55 The ion-electron interaction was described using the projector augmented wave (PAW) method. 56 Electron exchange-correlation was represented by the functional of Perdew, Burke and Ernzerhof (PBE) of generalized gradient approximation (GGA). 57 The PBE-GGA functional has been demonstrated to achieve a good balance between accuracy and cost for gold-thiolate systems. 46 A cutoff energy of 400 eV was used for the plane-wave basis set. The calculated Au fcc lattice parameter is 4.169 Å, which agrees reasonably with the experimental value (4.078 Å). The gold surfaces were modeled with four layers of slabs in (4 × 4) lateral cells for Au(111) and Au(100), and six layers of slab in (3 × 4) lateral cells (12.506 Å × 11.791 Å) for Au(110), with 15 Å of vacuum along the z-direction. The Brillouin zone was sampled by (3 × 3 × 1) Monkhorst-Pack k-point mesh. The top half of the slab was allowed to relax together with the adsorbed thiolates and the convergence threshold for structural optimization was set to be 0.025 eV Å −1 in force. Partial atomic charges were obtained using Bader charge analysis as implemented by Henkelman and co-workers. 58 The vdW interactions were included via the DFT-D3 method for structural optimizations with the experimental ligand TBBT. 59 Fig. 8 Five fcc gold nanoparticles with different shapes, namely, cubic Au 108 , truncated cubic Au 171 , cuboctahedral Au 147 , truncated octahedral Au 140 , and octahedral Au 146 . The exposing (100) facets are colored with magenta, while the exposing (111) facets are colored with yellow. Fig. 9 The proposed Au 114 kernel of Au 144 (SR) 60 .
The binding energy of the bridging motif (-RS-) was calculated by
where E thiol/Au_slab , E Au_slab , and E SR represent the total energy of the adsorbate-substrate system, the total energy of the Au slab, and the energy of one gas phase SR, respectively. The binding energy of the staple motif (-RS-Au-SR-) was calculated by
where E Bulk Au is the energy of one bulk Au atom. Here, we considered the energy involved in the Au adatom formation needed for the staple motif. 60 A negative value of E b suggests favorable adsorption.
